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Introduction 

After a brief review of the mission and its 
achievements, this article presents some 
recent highlights. These include the discovery, 
not recognised at the time, that in 1996, 
Ulysses set the record for finding the longest 
comet tail ever. This record is not the only one 
held by ESA's intrepid heliospheric explorer. 
Ulysses attained a speed of 15.4 km/s just after 
burn-out of the upper-stage motors, making it 
the fastest man-made object to have left the 
Earth’s gravitational pull. It has also reached by 
far the highest solar latitude of any spacecraft, 


The year 2000 promises to be highly eventful for the joint ESA-NASA 
Ulysses mission. Not only does it mark an important anniversary - on 
6 October, Ulysses will have been in orbit for 10 years — it also sees the 
return of Ulysses to the poles of the Sun. Given the spectacular 
success of the spacecraft’s first visit to these previously unexplored 
regions in 1994/95, there is every reason to expect a rich scientific 
harvest once again. Bound inexorably by the laws of celestial 
mechanics, Ulysses has followed an almost identical path on its climb 
to high latitudes to that travelled six years earlier. The conditions it has 
encountered this time have, however, been markedly different. The 
first polar passes in 1994 and 1995 took place at a time of low solar 
activity, whereas now the sunspot cycle is very close to its peak. This 
has had a clear effect on many of the phenomena recorded by the 
scientific instruments on board the spacecraft. 


Figure 1. The Ulysses orbit 
viewed from 15 deg above 

the ecliptic plane. Dots 
mark the start of each year 


and travelled further from the Sun than any 
other ESA-built space probe. Following a look 
at some of the operational challenges ahead, 
the remainder of the article is devoted to the 
future, which for Ulysses continues to look 
bright. The spacecraft and its payload are in 
excellent condition, and there are plans to 
extend orbital operations until September 
2004. By that time Ulysses will have completed 
its second out-of-ecliptic orbit of the Sun. 
ESA's Science Programme Committee (SPC), 
at its meeting on 6 June, unanimously approved 
the proposed extension, and there is good 
hope that NASA will do likewise when the 
mission comes up for review next year. 


The mission to date 

Ulysses was launched by the Space Shuttle 
‘Discovery’ in October 1990. Following a 
gravity-assist manoeuvre at Jupiter in February 
1992, the space probe and its suite of scientific 
instruments have been pursuing goals related 
to the Sun, its heliosphere, and the region of 
interstellar soace surrounding the heliosphere, 
all from the unique perspective of a solar polar 
orbit (Fig. 1). The portions of the orbit when 
Ulysses is above 70° solar latitude have been 
designated ‘polar passes’, and the first such 
polar passes occurred in 1994 (south) and 
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1995 (north). The spacecraft takes 6.2 years to 
make a complete orbit of the Sun, and so the 
second set of polar passes will take place from 
September 2000 to January 2001 (south), and 
September to December 2001 (north). 


Specific topics of interest to the scientists 
working with data from Ulysses include the 
solar wind and its magnetic field, energetic 
particles and cosmic rays, interstellar dust and 
gas, cosmic gamma-ray bursts, and natural 
radio emission from the Sun, the planets, and 
the interplanetary medium. It is a tribute to the 
skill of the engineers and scientists involved in 
the mission that such scientific diversity could 
be achieved by nine experiments weighing 
only 55 kg in total. A small ESA-led team 
stationed at the Jet Propulsion Laboratory in 
Pasadena, California, conducts the mission 
operations. 


As reported in the many articles summarising 
the successes of the mission to date (e.g. ESA 
Bulletin 92, pp. 75-81), Ulysses has literally 
added a third dimension to our knowledge of 
the heliosphere and the space that surrounds 
it. While far from exhaustive, the following list 
highlights some of key findings from the ‘solar 
minimum’ phase of the mission. 

— The existence of two distinct solar-wind 
states, a fast high-latitude wind that only 
occasionally extends down to low latitudes, 
and a slow low-latitude wind centred about 
the heliospheric current sheet, is confirmed. 
These two types of solar wind are separated 
by a sharp boundary extending from the 
Sun’s corona down to the chromosphere. 

— The magnitude of the radial component of 
the heliospheric magnetic field does not 
increase towards the poles. The constancy 
of the radial field implies that the dipole-like 
configuration of the Sun’s surface field is 
not maintained, and that as a result the 
polar solar wind undergoes significant non- 
radial expansion. 

— Co-rotating solar-wind stream structures 
with forward and reverse shock waves, well- 
studied at low latitudes and expected to be 
confined to those regions, produce effects 
extending to the highest latitudes explored 
by Ulysses. These effects include the 
recurrent modulation of galactic cosmic rays 
and injection of accelerated lower-energy 
particles into the polar regions, suggesting a 
revised global structure for the heliospheric 
magnetic field. 

— The influx of cosmic rays at high latitudes is 
smaller than predicted for the minimum 
phase of the solar activity cycle, most likely 
as a result of large-amplitude waves found 
by Ulysses to be present in the polar 
magnetic fields. 


— The density of interstellar atomic hydrogen 
and helium has been derived from Ulysses 
data, leading to improved knowledge of the 
interaction of the local interstellar cloud with 
the heliosphere. 

— The ratio of interstellar “He to “He has been 
measured for the first time. The value 
suggests that the amount of dark matter 
produced in the Big Bang was greater than 
previously thought. 

— The local population of interstellar dust 
particles, measured for the first time by 
Ulysses, contains a larger number of heavy 
grains than predicted by observations of 
starlight. Ulysses also discovered dust 
streams coming from the vicinity of Jupiter. 


In global terms, Ulysses has taught us that, at 
solar minimum, the high- and low-latitude 
regions of the heliosphere are much more 
intimately linked than was expected. It has also 
revealed that interstellar gas plays a surprisingly 
important role in the dynamics of the 
heliosphere. Last but not least, Ulysses 
continues to be one of the cornerstones of the 
interplanetary network of spacecraft recording 
cosmic gamma-ray bursts. Because of its 
unique orbit, Ulysses can provide significant 
constraints on the location of such bursts on 
the sky. 


Ulysses at solar maximum 

The Ulysses mission has already clearly 
succeeded in extending our two-dimensional, 
ecliptic view of the heliosphere into a global, 
three-dimensional one. There is, however, a 
fourth dimension to be considered: time. The 
Sun, like most other stars, undergoes 
significant temporal changes in its activity. 
These variations in turn affect the heliosphere, 
the bubble in space blown out by the solar 
wind, in a way that is literally far-reaching. 
Ulysses is ideally placed to study the effects of 
changing solar activity on the large-scale 
structure of the heliosphere, so this has been 
one of the major goals in recent months. Before 
turning to the latest results, however, a brief 
review of the solar activity cycle is given. 


The solar activity cycle 

Even a modest telescope (with a suitable filter 
in place for visual observations!) will reveal that 
the Sun is not simply a featureless ball of gas. 
‘Blemishes’ that were already noted many 
centuries ago in China, and which were first 
studied in detail by Galileo at the beginning of 
the seventeenth century, mark its surface. 
These dark areas are what scientists now call 
‘sunspots’, and they are an indication of one of 
the Sun’s fundamental properties — its magnetic 
activity. Daily observations of the number of 
sunspots on the disk provide a reasonably 
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reliable record of this activity going back 
hundreds of years. From this record, a very 
clear periodicity emerges in which the number 
of sunspots, and hence the magnetic activity, 
varies on average with an 11-year cycle. Within 
this overall pattern, however, there are 
significant variations in both the size of 
individual peaks, and the time between 
consecutive maxima. Nevertheless, at least 
during the last 150 years for which the most 
reliable observations are available, the general 
pattern seems to hold. Figure 2 shows an 
historical overview of the sunspot cycle in two 
different representations. 


Sunspots typically form in pairs, and the regular 
11-year variation of sunspot numbers is 
accompanied by similar oscillations in the 
magnetic polarity of these pairs. The polarity of 
the so-called ‘bipolar spot groups’ in a given 
hemisphere switches from one sunspot cycle 
to the next, leading to a 22-year magnetic 
cycle. A characteristic feature of the magnetic 
cycle is the reversal of the Sun’s polar fields 
every 11 years on average. During the most 
recently completed cycle (number 22), which 
peaked in 1989, the polar fields in the northern 
and southern hemisphere were predominantly 
of positive and negative magnetic polarity, 
respectively. With the activity of the current 
cycle (28) rapidly nearing its peak, the polar 
fields are once again reversing, this time 
becoming negative in the north and positive in 
the south. The change in polarity, which usually 
occurs over a period of a year or more with one 
hemisphere following the other, has lagged the 
sunspot maximum by 1-2 years in recent 
cycles. Cycle 23, however, appears to be 
unusual in that the polarity reversal is already 
underway. 


Recent results 

As noted above, when comparing the current 
interplanetary conditions with those 
encountered by Ulysses at the same location 
more than six years ago, the effects of 
increased solar activity are quite evident. The 
stable solar-wind structures that swept over the 
spacecraft once per solar rotation in 1993 as 
solar activity declined have given way to a 
much more complex and less repetitive 
configuration. This is seen clearly in the plot of 
the solar-wind speed recorded by Ulysses 
during its two traversals from the equator to the 
south pole (Fig. 3). The regular appearance of 
fast (~750 km/s) solar wind flowing from the 
southern polar coronal hole that characterised 
the earlier period has not been repeated in the 
recent data. Given the rapid increase in 
sunspot number at the present time, and the 
corresponding evolution of the magnetic field at 
the surface of the Sun, it is unlikely that this will 


Figure 2. An historical 
overview of the solar cycle, 
plotted in the form of a so- 
called ‘butterfly diagram’ 
(upper panel), and in a more 
conventional representation 
(lower panel) 


Figure 3. The solar-wind 
speed measured at Ulysses 
plotted as a function of 
solar latitude for the current 
descent to the south pole 
(upper panel), and during 
the previous descent in 
1992-94 (lower panel) 
(Courtesy D.J. McComas) 
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Figure 4. Meridional cut 
through the heliosphere 
showing the surface (blue 
curve), calculated from 
Ulysses solar-wind 
observations, where the 
neutral hydrogen density 
should drop to 1/e of its 


interstellar value. The solar 


images (not to scale) are 
taken from the EIT and 


LASCO C2/C3 instruments 


on SOHO 
(Courtesy D.J. McComas) 


occur at all during Ulysses’ return to the polar 
regions this year and next. Even though ‘pure’ 
fast wind from the polar coronal holes may not 
be present, fast wind streams are clearly still 
present at the highest latitudes encountered so 
far. These streams are thought to originate in 
the isolated, lower-latitude coronal holes that 
develop near solar maximum. One of the 
intriguing questions to be answered is how 
different are these fast streams from the fast 
wind from the poles? 


The approach of solar maximum is also 
apparent in the behaviour of the energetic 
particles detected by Ulysses during its climb 
to high latitudes. Here again, a comparison with 
the earlier results reveals that the regular 
increases in particle intensity once per solar 
rotation — a consequence of stable, long-lasting 
solar-wind structures found near solar 
minimum — no longer exist. Instead, a more 
haphazard picture is seen, due in large part to 
the increase in transient events at the Sun, and 
the rapidly changing pattern of solar-wind 
streams characteristic of solar maximum. The 
development of these and other trends will be 
watched with great interest as Ulysses passes 
over the Sun’s poles for the second time. 


Ulysses data are being used to infer not only 
the local conditions in the solar wind, but also 
the global structure of the heliosphere. Charge 
exchange with solar-wind protons is the 
primary ionization process for interstellar 


atoms the 


hydrogen 
heliosphere. Ulysses solar-wind data have been 


travelling through 


used to examine and quantify variations in 
charge exchange, which has implications for, 
for example, the interpretation of observations 
of scattered Lyman-alpha radiation. The 
Ulysses observations have revealed that the 
charge exchange rate is higher at low than at 
high latitudes, and that this rate drops off more 
slowly than the inverse square of heliocentric 
distance. This result is depicted in Figure 4. 


£ 


Although the scientific focus of Ulysses remains 
the heliosphere, the diversity of scientific topics 
addressed by the mission has continued to be 
impressive. Among the fascinating results to be 
reported recently was the identification of the 
passage of Ulysses through the distant (8.8 AU) 


tail of comet C/1996 B2 (Hyakutake) on 1 May 
1996. First reported in 1998 as a ‘density hole’ 
in the Ulysses solar-wind observations, the 


event was subsequently ‘rediscovered’ 
independently in the magnetic-field data and 
the ion-composition measurements. The 
magnetic field pattern at the time of the density 
drop-out was highly reminiscent of that 
expected within a comet tail, and the unusual 
heavy ions present in the solar-wind data 
added weight to the hypothesis. A member of 
the Imperial College magnetometer team made 
the specific association with comet Hyakutake. 
This discovery was due in large part to Ulysses’ 
unique, high-latitude position in the 
heliosphere, and the fact that both Ulysses and 
the comet were immersed in the high-speed 
solar wind. By being in ‘the right place at the 
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right time’, Ulysses now holds the record for 
finding the longest comet tail ever. An artist’s 
impression of this serendipitous event is shown 
in Figure 5. 


The ten years of continuous Sun-related 
observations acquired by Ulysses are in 
themselves an impressive data set. That these 
measurements can form the basis for studies 
over a much longer time-scale is equally 
gratifying. Ulysses magnetic-field data have 
been used to infer global properties of the 
Sun’s coronal magnetic field extending back in 
time to the mid-19th century. A critical part of 
the calculation relies on the Ulysses finding that 
the radial component of the heliospheric field is 
independent of solar latitude. A particularly 
striking result is the fact that the inferred 


Figure 5. Artist’s impression 
of Ulysses crossing the 
distant tail of comet 
Hyakutake (David A. Hardy) 
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Figure 6. The power output 
of the Radioisotope 
Thermoelectric Generator 
(RTG) on board Ulysses 


Figure 7. The strength of the 
solar-induced forcing 
responsible for the Ulysses 
nutation anomaly plotted in 
arbitrary units versus time 
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coronal field has approximately doubled in the 
past 100 years, perhaps as a result of chaotic 
changes in the solar dynamo. Although not well 
understood, a connection is believed to exist 
between the Sun’s magnetic field and its 
luminosity, indicating possible implications for 
the global climate of the Earth. 


Operational challenges in 2000/2001 

The Ulysses spacecraft has proven to be highly 
reliable, and the members of the Spacecraft 
Operations Team have had to cope with 
remarkably few in-orbit anomalies during the 
past 10 years. Nevertheless, there are 
operational challenges to be faced during the 
upcoming phase of the mission. The thermal 
effect of the Sun on Ulysses varies dramatically 
over the spacecraft’s orbit due to the large 
changes in solar distance (1.34 - 5.41 AU). 
Thermal control is therefore an important 


operational task. It is performed by dumping 
power either into various heaters inside the 
spacecraft body or to external radiators. The 
sole power source is a _ Radioisotope 
Thermoelectric Generator (RTG) and its output 
decays exponentially with time (Fig. 6). 
Delivering 285 W at launch, the RTG now 
provides only 223 W, so maintaining an 
acceptable thermal balance while ensuring a 
good science data return from all of the 
experiments has become more of a challenge. 
A number of redundant components have been 
switched off over the past few years and 
simultaneous use of several power-hungry 
operating modes has been avoided. If, as is 
hoped, the mission continues past 2001, some 
time-sharing of payload elements will be 
inevitable. Even so, it will be possible to power 
a group of ‘core-science’ instruments, together 
with a selection of ‘discretionary’ experiments, 
at least until the autumn of 2004. 


In addition to the continuous decline in 
available power, another major operational 
challenge over the next eighteen months will be 
the return of spacecraft nutation in December 
2000. The nutation anomaly was_ first 
discovered when the axial boom was deployed 
shortly after launch, and appeared again in 
1994/95. Under certain conditions of 
illumination by the Sun, the boom goes in and 
out of shadow as the spacecraft spins. The 
resulting thermal stresses cause the boom to 
flex, and the body of the spacecraft then begins 
to wobble or nutate. This spacecraft motion 
must be kept as small as possible for the 
following reasons: 

— Damage or loss of spacecraft may occur if it 

is left uncontrolled. 
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— Flexing of the axial and wire booms may 
induce metal fatigue. 

— Booms may wrap around the spacecraft, 
dislodge thermal blankets or even detach. 

— The uncertainty of the spacecraft attitude at 
any given time will make data reduction 
more difficult. 

— Large off-pointing of the high-gain antenna 
will result in loss of data. 


From the graph in Figure 7, we can see that the 
severity of the anomaly in 2000/01 will be 
greater than in 1994/95. The tools and 
techniques developed in 1994/95 to control the 
levels of nutation are being refined, however, 
and will be employed again to minimise the 
threat to spacecraft health. A critical element in 
this regard is the presence of a continuous 
uplink beacon for the onboard Conscan 
system, and detailed scheduling of the required 
ground-station coverage is already well 
underway. 


The future 

As we have seen, the heliosphere is a dynamic 
environment that undergoes large variations in 
both large and- small-scale structure over the 
period of an 11-year solar cycle. It is certain 
that new insights will be gained as we continue 
to observe the effects of increasing solar 
activity, changing coronal structure, and the 
reversal of the solar magnetic polarity from 
Ulysses’ high-latitude vantage point. Based on 
the success of the ‘prime mission’ (launch to 
September 1995), ESA and NASA agreed to 
continue Ulysses operations until December 
2001, the end of the second north polar pass. 
The recent ESA SPC decision opens the way 
for a further 2.75 years of orbital operations. 
The spacecraft will then have reached aphelion 
again, thereby completing a second out-of- 
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Ulysses 


ecliptic orbit of the Sun (Fig. 8). The proposed 
extension would enable the effects of the 
magnetic polarity reversal on, for example, the 
cosmic-ray intensity gradients, to be studied in 
detail. At the same time, the additional 
observation time will be highly beneficial to the 
measurement of rare pick-up ion species and 
cosmic-ray isotopes. 


One of the ‘frequently asked questions’ 
concerning Ulysses is: ‘Will there ever be 
another Jupiter encounter?’ Although not as 
intimately as in 1992, the spacecraft will 
approach Jupiter again in February 2004. 
Compared with the first fly-by, which at 6.3 
Jupiter radii from the planet’s centre 
dramatically modified the Ulysses flight-path, 
the second ‘encounter’ has a_ closest 
approach distance of 1682 Jupiter radii and 
will not change the orbit significantly. 
Nevertheless, it should provide a unique 
opportunity to observe Jovian radio emissions 
from the planet’s polar regions. 


Another important argument in favour of 
extending the mission is the opportunity 
afforded for joint observations by members of 
the ‘Solar Armada’ that includes Ulysses, 
SOHO, TRACE, Yohkoh, and ACE. This 
formidable fleet is soon to be joined by the four 
Cluster-ll spacecraft. Collaborations with other 
space missions and ground-based projects 
already characterise a significant part of the 
scientific work carried out using Ulysses data. 
In all such studies, the unique high-latitude 
perspective of Ulysses and its integrated 
instrument payload are, and will hopefully 
continue to be, invaluable assets. @esa 


Figure 8. The orbit of 
Ulysses, showing the 
planned extension of orbital 
operations (heavy red line) 
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